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I. INTRODUCTION
The behavior of water and ice under energetic particle bombardment is a topic of great interest for many disciplines including astrophysics, 1 and radiation biology. 2 It is also an important consideration in the treatment and storage of radioactive wastes, which are often in wet environments. Most studies of ice radiolysis have focused upon the fragmentation and desorption caused by the interaction of highly energetic particles (EϾ1 keV͒ with the bulk. 1, 3 High-energy collisions in a solid, however, also create vast numbers of secondary electrons with energies in the 1-100-eV range. 4 The interaction of these low-energy electrons with ice plays a key role in its radiolytic decomposition, because these secondaries have energies resonant with valence excitations, which can lead to bond breaking and ejection of atoms and molecules from the solid. Though the importance of electronic excitations in sputtering and stimulated desorption from ice is well recognized, 1, 3, 5 the detailed physics of this process is not fully understood. It is therefore of interest to examine the stimulated desorption of molecules, ions, and neutral fragments from amorphous water ice, which is often used as a model of the liquid state, 6 and its crystalline polymorph. Close examination of stimulated desorption from nanoscale ice films can also yield clues about the structure of water/ solid interfaces. 7 The bulk and surface properties of water and ice have been investigated with a wide variety of probes, including photoemission, [7] [8] [9] [10] [11] [12] [13] infrared spectroscopy, 6, 8, 14, 15 electron diffraction, 16, 17 x-ray diffraction, 6, 18, 19 thermal desorption, [20] [21] [22] [23] [24] [25] electron-energy-loss spectroscopy, 26 optical absorption, 27 and scanning tunneling microscopy. 28 Theoretical efforts include calculations of the electronic, bulk, and surface structures of ice. 15, [29] [30] [31] Many reviews of the general properties of water, ice, and ice films are in the literature. 6, 7, 32 Despite the tremendous amount of work performed in this field, the nature of the ice surface is still a topic of active investigation. Electron-stimulated desorption ͑ESD͒ and photonstimulated desorption ͑PSD͒ are well-known techniques 7, 33 which are very surface sensitive. Previous low-energy ͑5-150 eV͒ ESD and PSD studies of amorphous H 2 O/D 2 O ice surfaces have examined the stimulated production of H 2 /D 2 , 34 D and O, 5 H Ϫ /D Ϫ , 35, 36 and H ϩ /D ϩ . [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] Some studies of H ϩ ESD from H 2 O ice reported a threshold near 20-25 eV and several desorption pathways, whose relative importance depended upon the excitation energy. 38, 39 The excitations responsible for cation emission have been assigned to two-hole one-electron (2h1e) shake-up and twohole (2h) configurations. [38] [39] [40] It has been postulated that these excitations are sensitive to the local environment of the water molecule. 40, 41, 45 None of these previous studies, however, examined the temperature and ice phase dependence of the cation emission.
In this paper, we present a detailed investigation of the ESD of deuterium cations ͑D ϩ ) from thin ͑1-40 ML͒ amorphous and crystalline D 2 O ice films deposited on a Pt͑111͒ substrate. We have measured the total cation yield and timeof-flight ͑TOF͒ distributions as a function of incident electron energy, ice temperature, and film thickness. We find incident electron energy thresholds for cation emission near 25,40, and possibly 70 eV. The D ϩ total yield changes significantly as the temperature is ramped from 90 to 200 K, and is different for amorphous and crystalline ice. A distinct drop in the total yield at about 160 K is coincident with the irreversible amorphous-crystalline phase transition. The D ϩ TOF distributions can be roughly separated into ''fast'' and ''slow'' peaks. Decomposition of the velocity distributions into these components shows that these desorption channels have breakpoints at the same temperatures, but otherwise behave differently. The slow cation component has essentially the same temperature and ice thickness dependence 36 whereas the fast cation yield closely follows changes in the work function with temperature. 8 The data are consistent with a thermally activated reduction in surface hydrogen bonding, and reorientation or rearrangement of the surface molecules. Examination of the relevant dissociative states of the water molecule suggest that the lifetimes of excited states are affected by these changes in the surface hydrogen bonding.
II. EXPERIMENT
The experiments were performed in an ultrahigh-vacuum chamber ͑base pressure 2ϫ10
Ϫ10 Torr͒ equipped with a pulsed low-energy electron gun, a quadrupole mass spectrometer ͑QMS͒, an effusive D 2 O gas doser, and a time-offlight ͑TOF͒ spectrometer. The Pt͑111͒ substrate was mounted in thermal contact with a liquid-nitrogen reservoir, and was radiatively heated by a tungsten filament. The substrate temperature was monitored with a thermocouple spot welded to the substrate. A computer-controlled feedback system drove the temperature ramp, which was 8 K/min for both temperature-programmed desorption ͑TPD͒ and D ϩ flux vs temperature measurements. The samples were prepared by depositing thin ͑1-40 ML͒ films of D 2 O ice at a rate of 4-8 ML/min, with the film thickness of the amorphous samples calibrated by comparing TPD spectra with previously published results. 23, 24 ͑See note added in proof.͒ Coverages are reported in monolayers of ice, where 1 ML is defined as the number of water molecules in a complete bilayer of the ͑111͒ face of cubic ice (ϳ10 15 molecules/cm 2 ). The electron beam has a typical current density of 10 14 electrons/cm 2 /s ͑con-tinuous beam͒, and a beam spot size of ϳ1.5 mm 2 . The electron beam was pulsed at 200 Hz, with a pulse width of 700 ns, giving an effective electron dose of about 10 10 electrons/cm 2 /s, or 10 Ϫ5 electron/surface D 2 O molecule/s. The incident electron energy ͑E i ͒ could be varied continuously from 5 to 100 eV, with an energy spread of ϳ0.3 eV. Both the electron beam incident angle and TOF entrance grid were 45°with respect to the surface normal. Since the cation desorption angle relative to the surface normal can change with temperature, 47 a 75-V extraction pulse was applied to the TOF grid following the incident electron pulse. An investigation of the collection efficiency versus extraction voltage indicated that an extraction field greater than 50 V was sufficient to collect all desorbing cations. Due to the use of this extraction field, our TOF signal does not represent a true velocity distribution, but instead measures the time of arrival. The TOF has unit mass resolution, and the primary cation observed was D ϩ , with a small H ϩ signal due to H 2 O and HDO. The H ϩ TOF peak was well separated from the D ϩ peak, and does not contribute to any of the reported data. The total ion yield was measured by integrating the area under the D ϩ TOF signal. In the course of these experiments, it was noted that the width of the D ϩ TOF distribution increased with incident electron flux. Above an electron pulse frequency of 200 Hz, corresponding to electron fluxes of Ͼ10 10 electrons/ cm 2 /s, the D ϩ TOF peak began to broaden noticeably, which we attributed to surface charging. To minimize such charging effects, our data were acquired at 200 Hz. This incident electron flux is, to our knowledge, more than 100 times lower than those used in previous studies.
Of the many known polymorphs of ice, only four play an important role in the temperature and pressure environment of our experiments: two forms of amorphous ice and two crystalline phases. It is possible to prepare each of these polymorphs by controlling the deposition temperature and annealing history. D 2 O condensation at temperatures below 100 K forms microporous amorphous ice, [20] [21] [22] 31, 48 which is characterized by a high surface area and low density. Sintering microporous ice between 100 and 120 K or depositing at temperatures between 110 and 130 K generates normal ͑non-porous͒ amorphous ice. Films grown above 140 K form either hexagonal crystalline ice Ih(0001) or cubic crystalline ice Ic(001), 16, 17 which we will refer to as simply crystalline ice. The difference between ice Ih and Ic lies in the bilayer stacking sequence, and our surface-sensitive ESD measurements cannot distinguish between the two. Amorphous ice annealed at 162 K undergoes a phase transition to polycrystalline ice. 24, 25 In vacuum, D 2 O ice evaporates rapidly above 165 K, as shown by temperature-programmed desorption. 20, [22] [23] [24] [25] Our investigations focused on the nonporous amorphous and crystalline polymorphs. Amorphous samples were prepared by depositing D 2 O vapor on the Pt͑111͒ substrate at 110 K, and crystalline samples were prepared by condensation at 155 K. Following deposition, the samples were annealed at their respective growth temperatures until the background D 2 O pressure fell below 10 Ϫ9 torr ͑2-3 min͒, and were then cooled to 90 K for measurement. The desorption rate of crystalline ice is not negligible at 155 K, and, as a consequence, the crystalline films examined here may be somewhat thinner than 40 ML.
III. RESULTS
In Sec. III A, we present the threshold and electron energy dependence of the D ϩ ESD total yield and time-of-flight data. In Secs. III B and III C, we present the temperature and thickness dependence of the total yield and velocity-resolved TOF data, respectively. In Sec. III D, we compare the yield of D Ϫ ͑produced via the 2 B 1 dissociative electron attachment resonance͒ and work-function data with the velocityresolved D ϩ yields.
A. Thresholds and electron energy dependence
Total yield
Figures 1͑a͒ and 1͑b͒ show the total D ϩ ESD yields as a function of E i from thick ͑40 ML͒ amorphous and crystalline D 2 O ice films, respectively, at two representative temperatures. The spectra are offset for clarity. Two major thresholds are evident, denoted A (ϳ22-24 eV͒ and B (ϳ40 eV͒. Our results are in agreement with earlier measurements, [38] [39] [40] [41] [42] [43] [44] which observed an onset at 20-21 eV and a rapid rise at 24-25 eV for proton ESD and PSD from amorphous H 2 O ice. Threshold A has been assigned to deep valence excitation followed by shake-up to two-hole-one-electron (2h1e) dissociative excited states. [38] [39] [40] Threshold B has been observed in PSD measurements, 43 and was tentatively assigned to valence excitation plus shakeoff to form two-hole (2h) states which dissociate via a Coulomb explosion. 40, 43, 49 The insets show the onset of emission at low and high temperatures. The onset for desorption from crystalline ice appears to shift by almost ϩ2 eV between 110 and 155 K, while the amorphous ice shows a smaller shift. This shift in threshold energy cannot be accounted for by the temperature dependence of the work function. 8 Instead, it appears that an excitation channel is being suppressed for high-temperature crystalline ice. Above threshold, the yield increases rapidly with increasing excitation energy until about 70 eV, where the slope decreases. PSD measurements have also noted a decrease in yield at higher excitation energies. 43 Rough estimates of the incident electron flux and the total D ϩ flux at the detector give a quantum yield of 10 Ϫ2 -10 Ϫ3 D ϩ /electron at E i ϭ100 eV at Tϭ155 K for crystalline ice, and about half that at Tϭ110 K. The quantum yield is similar for amorphous ice. At excitation energies above 40 eV, the yield is strongly temperature dependent, and generally increases with temperature for both amorphous and crystalline ice. Below 40 eV, the yield changes only weakly with temperature ͑except for the threshold shift mentioned above͒.
Overall, there appear to be only superficial differences in the energy dependence of the deuteron yields between amorphous and crystalline ice, though the temperature dependence is different as discussed in Sec. III B.
TOF distributions

D
ϩ TOF distributions in the near-threshold region are shown in Figs. 2͑a͒ and 2͑b͒ for low and high temperatures from amorphous and crystalline ice. There do not appear to be any strong differences between the two phases, but the TOF line shapes do change considerably with temperature. At Tϭ110 K, only one peak is evident in the TOF spectrum. At Tϭ150/155 K, however, the distribution is bimodal, with a shoulder at longer times. The TOF line shape for our experimental geometry is not well characterized, and there appear to be several unresolved components in the distribution, so fitting the data to extract individual peak intensities is impractical. The detection geometry and the use of a strong extraction field also precludes transforming the data into absolute energy units. Previous studies 38, 39 observed a bimodal 
FIG. 2. D
ϩ time-of-flight distributions from ͑a͒ amorphous ice, and ͑b͒ crystalline ice, at selected incident electron energies (E i ) and substrate temperatures. The peak height sampling times t fast ( f ) and t slow (s) are indicated by vertical lines. The data have been smoothed for display. kinetic-energy distribution for H ϩ ESD from ice, and reported kinetic energies of 3-4 and 6-10 eV for the ''slow'' and ''fast'' ion channels, respectively. We cannot verify these energies, but we can gain an estimate of how the fast and slow D ϩ intensities change with excitation energy and temperature by recording the TOF peak height at two times t fast and t slow , indicated by short vertical lines labeled f and s in Fig. 2 . We chose t fast to coincide with the maximum of the distribution at low temperature ͑i.e., when the slow component is at a minimum͒, and t slow to be on the slow shoulder at t fast ϩ0.18 s. While small changes in t fast and t slow do affect the relative peak heights, the general features of the energy and temperature dependence do not change significantly. It was found that t fast is independent of energy for E i Ͻϳ70 eV. Electron energies higher than 70 eV produce slightly faster ions.
Shown in Figs. 3͑a͒ and 3͑b͒ are the fast and slow peak heights as a function of E i for amorphous and crystalline ice, respectively. As with the total yields, the decomposition into fast and slow channels appears to be grossly similar for the two ice phases. The threshold energies for the fast and slow channels are the same, to within the accuracy of our measurements (Ϯ1 eV͒. The emission of slow D ϩ is the most sensitive to temperature, but does not change much with E i . The fast D ϩ signal decreases upon heating for E i Ͻ70 eV, but increases for higher energies. Since the fast peak in the TOF distribution also shifts to shorter times for E i Ͼ70 eV, it is possible that another desorption channel is active above 70 eV which produces extra fast deuterons. This channel is temperature dependent.
B. Temperature dependence
Total yield
Figure 4͑a͒ is a plot of the total D ϩ yield vs temperature from amorphous ice at selected excitation energies, and a corresponding D 2 O TPD spectrum. The D 2 O desorption rate is negligible below 150 K, and the film begins to desorb at about 155 K. 24 Amorphous ice has a higher vapor pressure than crystalline ice, and the dip in the TPD spectrum at 162 K is due to the amorphous-crystalline (aϪc) phase transi-
FIG. 3. Fast and slow D
ϩ time-of-flight peak heights as a function of incident electron energy (E i ) at low ͑dashed line͒ and high ͑solid line͒ substrate temperatures on ͑a͒ amorphous ice, and ͑b͒ crystalline ice.
FIG. 4. Total D
ϩ ESD yield as a function of substrate temperature for selected incident electron energies, and a typical TPD spectrum showing film desorption rate for ͑a͒ amorphous ice, and ͑b͒ crystalline ice. Temperatures of interest are indicated by vertical dashed lines and labels. The temperature ramp was 8 K/min. tion, which has been well characterized in previous studies. 24, 25 The desorption rate increases rapidly near 170 K, and the film has almost completely evaporated by 180 K. For the total D ϩ yield measurements, the temperature was cycled from 90Ϫ140Ϫ90Ϫ200 K at a constant rate of 8 K/min. This cycle was used to determine the reversibility of the temperature dependence between 90 and 140 K. The D ϩ yield as a function of temperature shows several features. The vertical dashed lines mark temperatures of interest, labeled T A1 ͑120-125 K͒, T A2 ͑140-145 K͒, and T A3 ͑160-165 K͒. The D ϩ yield is roughly linear with temperature between 90 K and T A1 , and shows an increase between T A1 and T A2 which is dependent upon E i . The increase in yield is roughly exponential, suggesting an activated process. We have chosen T A1 to coincide with a noticeable change in yield, and it should be noted that when we refer to the ''transition at T A1 ,'' we are referring to this activated process. The increase in yield between T A1 and T A2 is greater at higher excitation energies, and is reversible: the 90Ϫ140Ϫ90-K heating cycle has no effect on the observed temperature dependence in this range. The D ϩ yield levels off between T A2 and T A3 for E i ϭ30 and 50 eV. The behavior near T A2 is not completely reversible: annealing the sample above T A2 apparently causes the aϪc transition to occur at temperatures below 160 K. The aϪc transition is marked by a steep drop in yield at T A3 , and is completely irreversible. The yield then increases sharply near 170 K as the film desorbs. The D ϩ signal from water vapor above the surface is too small to be detected, so the increase in yield is presumably associated with the structure of the ice surface as it sublimes. The transition temperatures quoted here depend upon the heating rate, 20 ,24 so care should be exercised when comparing the results to other studies. ͑See note added in proof.͒ It is clear, however, that the amorphous ice undergoes transitions at T A1 ϪT A2 and T A3 which change the cross section for deuteron desorption. Figure 4͑b͒ shows the temperature dependence of the D ϩ yield from crystalline ice and a D 2 O TPD spectrum. The magnitude of the yield is comparable to the yield from amorphous ice. However, the temperature dependence is very different, with only one breakpoint in the slope near 135 K (T C1 ), which is most apparent at 50-eV excitation. Crystalline ice does not exhibit the aϪc phase transition, so the shoulder in the TPD spectrum and associated drop in the D ϩ yield do not occur. The deuteron yield at E i ϭ30 eV decreases with increasing temperature, which may be related to the threshold shift to higher E i upon heating ͓see Fig. 1͑b͒ inset͔. At E i ϭ50 eV, the yield rises up to T C1 , then levels off, and does not change much until the film evaporates. At 100 eV, however, the yield grows larger after T C1 . This T C1 transition, like T A1 in the amorphous ice, is reversible: heating in the 90Ϫ140Ϫ90-K temperature cycle shows no change in the yield.
TOF distributions
Changes in the total yield as a function of temperature, electron energy, and crystalline phase reflect changes in the dominant desorption channels. It is therefore important to examine the fast and slow ion components of the TOF distribution as a function of temperature and ice phase. In Fig.  5 , the D ϩ TOF distributions for E i ϭ50 eV are plotted as a function of temperature for amorphous and crystalline ice. The distributions for E i ϭ30 and 100 eV are similar to those for 50 eV. Both amorphous and crystalline ice show the emergence of a slow component at higher temperatures. We can extract the peak height at t fast and t slow in the same manner as for the threshold data, and examine in detail how the two components behave as a function of temperature. Figure 6͑a͒ shows the temperature dependence of the fast and slow D ϩ peak heights at E i ϭ30, 50, and 100 eV for amorphous ice. The data have been arbitrarily scaled for display. The similarity between the different excitation energies is striking, given the apparent dissimilarity of the total yields in Fig. 4 . Both the fast and slow channels have breakpoints at about the same temperatures, and decrease at the aϪc phase transition. The temperature dependence of the slow channel is independent of E i , and increases between T A1 and T A2 . The fast emission channel has the opposite behavior with temperature; it decreases between T A1 and T A2 , except for E i ϭ100 eV, where it increases. These data further support the idea than an extra desorption channel is active above 70 eV. The difference between the fast deuteron yields at 50 and 100 eV may be due to this extra channel. This extra desorption channel has the same temperature dependence as the slow product, suggesting that it is related to the slow D ϩ channel.
The apparent dissimilarities in the temperature dependence of the total D ϩ yield from amorphous ice at different E i can then be explained in terms of the relative cross section for the fast and slow desorption channels. The total yield at E i ϭ30 eV is nearly independent of temperature; this is be- cause the increasing slow D ϩ yield is the same magnitude as the decreasing fast D ϩ yield, and the two contributions effectively cancel out. At 50 eV, the decrease in the fast channel does not entirely cancel out the increase in the slow channel, and when added together give a modest increase in total yield above T A1 . At 100 eV, the increase in fast and slow D ϩ intensities collectively give a large increase in total yield. Figure 6͑b͒ shows the fast and slow D ϩ peak heights for crystalline ice as a function of temperature. The overall temperature dependence is simpler than from amorphous ice, with the only strong change occurring near T C1 . The slow deuteron emission increases near T C1 for E i ϭ50 and 100 eV, but remains relatively constant for E i ϭ30 eV. The fast D ϩ yield at 50 and 100 eV appears to be similar to the amorphous case. The 30-eV fast D ϩ yield, however, decreases rapidly with temperature. The observed threshold shift with temperature ͓see Fig. 1͑b͔͒ could be a cause for the flat slow D ϩ yield and the large drop in the fast D ϩ yield at 30 eV. A decrease in the total desorption cross section with increasing temperature ͑due to the threshold shift͒ would counteract the increase in the slow D ϩ intensity, and augment the decrease in the fast D ϩ intensity at E i ϭ30 eV. The fact that all desorption channels appear to have breakpoints at the same temperatures suggest that changes in the surface environment are occurring. Though these changes in the surface environment occur at different temperatures for amorphous and crystalline ice, they appear to have similar effects on the desorption. In general, the fast and slow deuteron channels have nearly the opposite temperature dependence, which suggests a population effect; i.e., the fast emitters begin to be converted into slow emitters at T A1 and T C1 . The surface environment which produces slow deuterons also can produce fast deuterons above E i ϭ70 eV. The common drop in intensity for the fast and slow D ϩ at the aϪc phase transition suggests that all channels on the polycrystalline surface may have a smaller total excitation cross section, shorter excited-state lifetime, or perhaps a smaller number of active sites than the amorphous and single crystalline phases.
C. Thickness dependence
Total yield
The data presented in Figs. 1-6 were obtained on thick (ϳ40 ML͒ ice layers. However, the total deuteron yield depends upon the thickness of the ice film, as shown in Fig.  7͑a͒ and 7͑b͒. The data in these figures were obtained during deposition. The yield from amorphous ice ͓Fig. 7͑a͔͒ rises very rapidly up to about 2-ML coverage, rises more slowly to a maximum, and then decreases to a saturation value around 25 ML. The thickness dependence is very different for crystalline ice ͓Fig. 7͑b͔͒. The yield rises rapidly to 2 ML, the same as amorphous ice, but then decreases to a minimum at about 8 ML, and gradually rises to a nearsaturation value by 40 ML. A similar behavior of the H ϩ -ion yield as a function of thickness was observed for H 2 O/Ti͑001͒ by Stockbauer et al. 44 The differences between the amorphous and crystalline thickness dependence may be due to different growth modes. It is surprising that such thick films are required to reach an equilibrium surface. It is known that amorphous ice forms clusters at low coverage on Pt͑111͒. 8, 28 These clusters coalesce at higher coverages, and our observations may be due to the change in cluster density as coverage increases. The surface roughness can also have an important impact on the D ϩ yield, which is discussed in another publication. 50 
TOF distributions
The TOF distributions are also thickness dependent, as shown in Fig. 8 for E i ϭ50 eV. At 110 K, the slow shoulder is pronounced for the thin amorphous film, but decreases with film thickness and is not present for the thick film. The crystalline ice shows slow D ϩ emission for all coverages, which is expected due to the elevated growth temperature. In Fig. 9 we plot the fast and slow peak heights versus thickness for both ice polymorphs. It is clear that the peak in total yield at low coverage from amorphous ice is due to the presence of the slow component. This serves to explain the difference between the deposition curves at 30, 50, and 100 eV, since the fast/slow ratio is dependent upon E i . The minimum at ϳ8 ML on crystalline ice is visible only in the fast component; the slow component rises to a saturation value, and remains constant for thicknesses greater than 2 ML. It is difficult to interpret the data from the crystalline ice, as the sample is warm during deposition and the observed slow component may be present simply because of the surface temperature. It is clear, however, that the fast and slow dissociation cross sections are affected differently by the thickness of the ice layer.
The different behavior of the fast and slow components is unlikely to result from a hot-electron transfer process from the substrate or a backscattering contribution, 51 which would FIG. 7 . D ϩ ESD yield at selected excitation energies E i from ͑a͒ amorphous and ͑b͒ crystalline ice as a function of ice film thickness in ML. The data were acquired during film deposition, and are scaled for display. be expected to affect both decay channels equally. It seems more likely that the thickness dependence is due either to stabilization of a predissociative excited state via interaction with its image charge or to changes in the surface structure with coverage. The different behavior of amorphous and crystalline films disfavors an interaction involving stabilization of a predissociative excited state via image charge interaction. However, a change in the structural environment of surface water molecules can be expected to impact the dissociative excited states affecting the fast and slow deuterons differently. Therefore, we suggest that thickness-dependent changes in the surface structure or morphology of the ice film causes the observed variation of D ϩ emission with film thickness.
D. Comparison with negative ion yield and work-function measurements
We have extended our observations to D Ϫ ESD, whose details will be reported in separate publications. 36 These investigations reveal that the thickness and temperature dependence of the D Ϫ total yield is very similar to the slow D ϩ yield. In Figs. 10 and 11 , the slow D ϩ channel peak height and the D Ϫ total yield are plotted as a function of temperature and film thickness, respectively. The curves are surprisingly similar, considering that very different physical processes are responsible for the desorption. However, the ion yields are clearly related, and are being affected similarly by the temperature and thickness dependent changes in the ice. dipole layer collectively contributes to the work function. As the surface dipole orientations change, some fraction of the fast deuteron emitters convert to slow deuteron emitters. This similarity between the fast D ϩ desorption data and the workfunction data suggests that the observed transitions in the yield with temperature and thickness are linked to transitions in the orientation of surface molecules, and therefore to changes in the surface structure.
IV. DISCUSSION
A. Electronic structure of water and ice
Before we discuss the nature of the dissociative excited states responsible for D ϩ desorption, it is instructive to review the electronic structure of water and ice. The groundstate electronic configuration of the isolated water molecule can be written 1a 1 2 2a 1 2 1b 2 2 3a 1 2 1b 1 2 . 52 A schematic rendering of the gas-phase valence energy levels and density of states is given in the left side of Fig. 13 . The solid ͑dashed͒ curve models the occupied ͑unoccupied͒ density of states, estimated from calculations and photoemission data. [7] [8] [9] [10] [11] [12] [13] 29 The 1a 1 orbital is almost entirely of O 1s character ͑binding energy ϳ500 eV͒, and does not play a role in electronic excitations in our energy range. The tetrahedral real-space orbitals can be represented as a linear combination of the valence molecular orbitals: the 1b 2 and 2a 1 orbitals are the primary constituents of the O-H bonds, while the 1b 1 and 3a 1 make up the oxygen lone-pair orbitals. 7, 52 The four lowest unoccupied molecular orbitals are the 4a 1 , 2b 2 , 2b 1 , and 5a 1 . The 4a 1 and 5a 1 orbitals are strongly antibondingoccupation of these states leads to breaking of the O-H bond. 40 The 4a 1 orbital mixes with the 3s Rydberg state in the gas phase, and is sometimes referred to as the 3s4a 1 .
There are only small differences in the electronic structure of the free water molecule and condensed ice, with some broadening and minor shifting of the energy levels ͑Fig. 13, right͒. [7] [8] [9] [10] [11] [12] [13] 40 The molecular orbitals retain much of their gasphase character, so the peaks in the ice valence-band density of states are usually labeled by the same spectroscopic notation as free water. The conduction band of ice is very narrow, with the band minimum less than 1 eV below the vacuum level. 26, 27, 29 The Fermi level is estimated to be ϳ5 eV above the 1b 1 band maximum. 8 The unoccupied 4a 1 orbital is in the band gap and has a localized ͑excitonic͒ character. In the solid state, the unoccupied molecular orbitals are better described as Frenkel excitons, in which the Coulomb attraction localizes the electron-hole pair on the water molecule. The optical-absorption spectra of ice shows a pronounced peak at ϳ8.3 eV, corresponding to a 1b 1 →4a 1 transition, well below the photoelectric threshold. 11, 12, 27 The 4a 1 state is spatially extended, and should be sensitive to the local bonding environment of the water molecule. The a 1 orbitals are the most perturbed by hydrogen bonding, broadening considerably in the solid state. 7, 40 Calculations of ice band structure indicate that the a 1 bands also have the most dispersion, while the 1b 1 and 1b 2 bands are virtually dispersionless. 29 One would then expect that electronic excitations involving the a 1 bands would be the most sensitive to changes in the hydrogen bonding environment. Specifically, a reduction of the bandwidth should occur if the hydrogen bonding is weakened, and the lifetimes of electrons and holes in these bands should increase as a consequence.
B. Dissociative excitations of water and ice
There are many excited states of the water molecule which can lead to D ϩ emission. 38, 40 Ramaker discussed the dissociative excitations of water in the solid and gas phase at length. 40 Table I lists the relevant electronic excitations, their threshold energies, and the ion kinetic energies for D ϩ and D Ϫ ESD. The threshold energies for the excitations listed in Table I should be water molecules may have excited state energies which are shifted from gas phase or bulk values. The primary D ϩ desorption channels in ice have been assigned to the 3a 1 Ϫ1 1b 1 Ϫ1 4a 1 1 excited state, which dissociates to 0-4 eV ͑''slow''͒ protons, and the 1b 1 Ϫ2 4a 1 1 excited state, which produces 4-7-eV ͑''fast''͒ protons. 40 These are 2h1e states, with two holes in the valence band and one electron in the 4a 1 , and their threshold energies are in good agreement with our observed onset for D ϩ emission ͑threshold A in Fig. 1͒ . Hydrogen bonding apparently reduces the lifetime of the 3a 1
Ϫ2 4a 1 1 state to the extent that it does not normally contribute to the desorption process. A H 2 O 2ϩ two-hole (2h) state has been reported in gas phase experiments with a threshold of ϳ39 eV, which is near threshold B in Fig. 1 1 2 resonance. All of these excitations involve an electron in the 4a 1 band so the excited states are somewhat similar.
C. Factors influencing ESD yields
The ''slow'' 3a 1 Ϫ1 1b 1 Ϫ1 4a 1 1 and 3a 1 Ϫ2 4a 1 1 channels are relatively inoperative below T A1 (T C1 ) on the thick amorphous ͑crystalline͒ ice surface. Instead, the D ϩ desorption at low temperature is dominated by the ''fast'' 1b 1 Ϫ2 4a 1 1 channel. As the temperature increases, the 3a 1 Ϫ1 1b 1 Ϫ1 4a 1 1 and 3a 1
Ϫ2 4a 1 1 begin to contribute more to the yield, at the expense of the 1b 1 Ϫ2 4a 1 1 . The fact that the increase in the slow channel is accompanied by a decrease in the fast channel suggests a population effect; excitations which would normally decay into fast deuterons are instead producing slow deuterons at higher temperature. Physical processes which could produce such an effect include ͑1͒ collisions of the outgoing D ϩ which reduce its kinetic energy or create secondary ions, or ion survival effects; ͑2͒ an ''initial-state'' cross-section change, in which the probability of exciting the 3a 1
Ϫ1 1b 1 Ϫ1 4a 1 1 or 3a 1 Ϫ2 4a 1 1 configurations upon electron impact increases, while the probability of exciting the 1b 1 Ϫ2 4a 1 1 decreases; and ͑3͒ a curve crossing from 3a 1 Ϫ1 1b 1 Ϫ1 4a 1 1 to 1b 1 Ϫ2 4a 1 1 which ''turns off'' at higher temperatures, due to a temperature-dependent change in the excited-state lifetimes.
Ion survival effects
An inelastic scattering process which converts fast D ϩ into slow D ϩ at high temperature is improbable, as it does not explain the similarity between the D ϩ and D Ϫ temperature dependencies, or the thickness-dependent data. However, a change in the ion take-off angle could affect the escape probability, and therefore the total yield. Akbulut, Ma and Madey reported that the H ϩ ion angular distribution from H 2 O ice narrows considerably as the surface is heated, 47 which can be attributed to reorientation of surface water molecules to point dangling H atoms into the vacuum. It is difficult, however, to explain the details of the thickness and temperature dependence of the velocity-resolved D ϩ channels, and the correlation between the slow D ϩ and D Ϫ yields, with only a reorientation mechanism. Surface reorientation and the resulting modification to the escape probability probably do contribute to the total yield, but other mechanisms must be invoked to explain the very different behavior of the velocity-resolved D ϩ yields.
Excitation cross-section effects
It is possible that changes in the orientation and bonding of surface water molecules could be reflected in the total excitation cross section or the branching ratio between the possible excited states. Certainly the cross section for electron-impact excitation of water molecules depends upon the angle of incidence, as the water molecule is not spherically symmetric. However, such a mechanism also fails to explain the similarity between the slow D ϩ and D Ϫ data; there is no reason a priori to expect that the geometric configurations which increase the probability of exciting the slow D ϩ states should also increase the cross section for the negative ion resonance.
Changes in excited-state lifetimes
We therefore favor the third process: a curve crossing from the 3a 1 Ϫ1 1b 1 Ϫ1 4a 1 1 state to the 1b 1 Ϫ2 4a 1 1 which is reduced at higher temperatures. The potential-energy surfaces for the dissociating water molecule are very complex, and little has been reported on the effect of the solid-state environment on excited-state curve crossings. There are, however, gas-phase calculations which indicate that a 3a 1
Ϫ1 1b 1 Ϫ1 4a 1 1 →1b 1 Ϫ2 4a 1 1 curve crossing exists, 40 suggesting that such a process can indeed occur on the surface of ice. One possible explanation for the temperature dependence of the curve crossing involves the lifetime of the hole in the 3a 1 level. The excited-state curve crossing represents the transfer of a hole from the 3a 1 level to the 1b 1 ; an increase in the 3a 1 hole lifetime would reduce the curvecrossing rate, increase the slow D ϩ yield, and decrease the fast D ϩ yield, as we observe. Since the ESD yield depends exponentially on the excited-state lifetime, 33 it does not take a large change to affect the yield. A good candidate explanation for the fast/slow temperature dependence, then, involves the lifetime of holes in the 3a 1 level. In addition, the yield from the 2a 1 Ϫ2 channel above E i ϭ70 eV increases at high temperature, in a manner similar to the slow D ϩ channel. This can be explained if the forces acting to increase the 3a 1 hole lifetime are also affecting the 2a 1 hole lifetime. The close similarity between the negative ion yield and the slow positive ion yield leads us to believe that 4a 1 level is also being perturbed at higher temperatures. An increase in lifetime of the electrons in the 4a 1 level increases the dissociation probability, and the resulting D Ϫ yield, which would explain our observations.
D. H-bond breakage and excited-state lifetimes
The data are consistent with a temperature dependence of the electron and hole lifetimes in the valence a 1 bands. Since the a 1 bands are sensitive to hydrogen bonding, it seems reasonable that the surface H-bond network is being modified as the ice is heated. A reduction in H bonding is expected to narrow ͑and possibly shift͒ the a 1 bands, with a corresponding increase in the lifetime of electrons and holes in these bands. We therefore attribute the observed temperature dependence of the D ϩ yield as arising from a reduction in the coordination of surface water molecules beginning at T A1 on amorphous ice and T C1 on crystalline ice. The reduced hydrogen bonding narrows the a 1 bands, and increases the lifetimes of the 3a , respectively. The negative ions and slow deuterons from the low-coverage surface can arise from low-coordination water molecules, which are expected to be populous at low coverage. Surface molecule orientation changes associated with the bond breaking should also result in a change in the work function, which would explain the apparent similarity between the fast ion yield and work function. Temperatureinduced hydrogen bond breakage and surface geometry changes, followed by narrowing of the a 1 bands, explain all of the salient features of our data, but further study is still needed to confirm or repudiate some assumptions, such as the 3a 1 Ϫ1 1b 1 Ϫ1 4a 1 1 →1b 1 Ϫ2 4a 1 1 curve crossing. This explanation, however, is not without precedent: a similar mechanism involving molecular coordination-dependent broadening of the 4a 1 orbital has been invoked to explain features in the PSD of H ϩ from ice at photon energies above the O 1s core level. 41 The process by which H bonds begin to break may be unique to the surface, or may be related to transitions in the bulk ice. A change in the heat capacity and excess entropy has been observed near 125 K for amorphous ice, and near 140 K for crystalline ice, which has been assigned to a configurational change in the bulk. 6, 53, 54 The physical origin of this ''glass transition'' is still a topic of debate. In a recent paper, Dosch, Lied, and Pilgram invoked activated migration of L defects in the near-surface layer to explain their x-ray scattering measurements of the disruption of surface H bonds and surface premelting on hexagonal ice at atmospheric pressure. 19 An L defect can be thought of as a H-bond vacancy. Migration of these L defects to the surface can result in the rupturing of surface H bonds, and can produce the coordination-dependent excited-state lifetime effects we observe. The activated migration of pre-existing L defects at 120 K has also been implicated in depolarization thermocurrent measurements in ice. 55 Our bond-breaking model is consistent with these earlier observations, and the activated migration of L defects provides a mechanism for the reduction in surface coordination. Since the cross section for desorption is rather large, a surface defect density of ϳ10 12 cm Ϫ2 or a bulk defect density of ϳ10 18 cm Ϫ3 is required to explain our yields. Measurements of the Bjerrum defect concentration in vapor-deposited ice have not been reported, to our knowledge, but Dosch, Lied, and Pilgram reported defect densities of ϳ10 19 cm Ϫ3 in the near surface region of bulk ice samples. 19 The proposed H-bond breaking which leads to changes in the excited-state lifetimes is, therefore, consistent with a surface manifestation of bulk ice transitions.
V. CONCLUSION
The electron-stimulated desorption of deuterium ions from D 2 O ice has been found to be very sensitive to the surface hydrogen-bonding environment and film morphology. Our analysis of the data suggests that water molecules at the ice surface undergo a reduction in hydrogen bonding near 120 K ͑135 K͒ on amorphous ͑crystalline͒ ice, well below the temperature at which the film desorption rate becomes appreciable. This reduction in coordination number may be related to thermally-activated migration of Bjerrum L defects to the surface. By 140 K the amorphous surface has reached a stable configuration in which the H-bond coordination number does not change, and near 162 K the ice crystallizes. Our observations of the total yield, time-of-flight distributions, and the thickness dependence of the D ϩ desorption can be explained by a narrowing of the a 1 valence bands caused by a reduction in hydrogen bonding, which increases the lifetime of electrons and holes in these bands. The similarities between the temperature and thickness dependence of the D ϩ yield, D Ϫ yield, and work function give further evidence of temperature-dependent changes in the surface structure. We contend that the slow D ϩ results from the 3a 1 Ϫ1 1b 1 Ϫ1 4a 1 1 and 3a 1 Ϫ2 4a 1 1 configurations, the fast D ϩ is produced by the 1b 1 Ϫ2 4a 1 1 state, and the negative ions are due to the 1b 1 Ϫ1 4a 1 2 resonance. We have also seen evidence of a threshold at ϳ70 eV producing fast ions, which we have assigned to the 2a 1 Ϫ2 state. These results imply that the local environment of a water molecule is important for its dissociation cross section, and such structure-dependent effects may be important for ice and water radiolysis in astrophysics, biophysics, and atmospheric chemistry.
Note added in proof. A recalibration revealed that the temperatures quoted should be modified by T new ϭ0.91T old ϩ10 K. This recalibration does not change any of the conclusions.
